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The main purpose is to investigate both deterministic and stochastic bifurcations of the catalytic CO oxidation. Firstly, super- and
subcritical bifurcations are determined by the signs of the Poincaré-Lyapunov coeflicients of the center manifold scalar bifurcation
equations. Secondly, we explore the stochastic bifurcation of the catalytic CO oxidation on Ir(111) surfaces with multiple delays
according to the qualitative changes in the invariant measure, the Lyapunov exponent, and the stationary probability density of

system response. Some new criteria ensuring stability and stochastic bifurcation are obtained.

1. Introduction

For most of the practical cases, the dynamical systems will
be disturbed by some stochastic perturbation. There are
real benefits to be gained in using stochastic rather than
deterministic models. It could be intuitively thought that
the external noise would smear out the finer details of the
nonlinear system, such as bifurcations between well-defined
states. However, it could also happen that noise forces the
system far away from its deterministic attractors to explore
regions of phase space that are otherwise not visited or
interact with the nonlinearities giving rise to new phenomena
[1-10].

Now, a great care should be taken when reducing the
internal/external sources of noise and uncertainties such as
thermal noise, observation errors, and model misspecifica-
tion. The CO oxidation on platinum group crystals offers an
experimental setup, where the nonlinear mechanisms have
been captured with high accuracy, and sources of internal
noise are controlled. The CO oxidation on crystals shows,
in the absence of noise, a wide variety of phenomena,
for example, oscillations, bistability, bifurcation, excitability,
spatiotemporal patterns, and turbulence. These reactions
have been receiving an increasing attention as a laboratory

analogy of catalysis used at the industrial level to manufacture
chemical products and process harmful species. Understand-
ing the effects of external noise on this oxidation reaction can
be considered as an effort to bridge the quality gap. Besides
material and pressure gap, which have been discussed in the
literature before, the quality gap separates small experiments
in perfectly controlled settings and the industrial processes
that are always under the influence of uncertainties.

In this paper, we investigate the deterministic and
stochastic bifurcations of the catalytic CO oxidation on Ir(111)
surfaces with multiple delays. Mechanisms and parameters
are known with a high degree of accuracy, and the rele-
vant parameters can be controlled. These ideal properties
make it possible to go back and forth between theory and
experiments. Our paper focuses on homogeneous states and
builds on the work of Hayase et al. [11-18] who studied
experimentally and numerically the effect of noise on CO
oxidation on Ir(111). They verified that the mathematical
model was correct and observed probability distributions that
are consistent with the presence of multiplicative noise.

The structure of the paper is as follows. In Section 2,
we analyzed the single and double Hopf bifurcation of
deterministic system. In Section 3, we analyzed the stochastic
stability and bifurcation of stochastic system.



2. Deterministic System

In this section, we will investigate the delayed CO oxidation
on Ir(111) surfaces as follows:

u()=ak(l-u-v)—Pu-yu(t-1)v(t-1,),
@)
D(t)=8(1—;<)(l—u—v)3—yuv,

where y = y, + ¥ is the bifurcation parameter. It is obvious

that there is a unique equilibrium point E(0, 1) in system (1).
Letx; =u—0, x,=v-1, and X = [x;,x,]", then by

substituting the corresponding variables in (1), we have

%) (t) = —a (x) + x,) = By —yx; (t—71)) [, (t = 75) + 1],
% () = =0 (1- 1) (x; +x,)" = yx; (3, +1).
(2)

Linearized System. As the first step, we analyze the stability
of the trivial solution of the linearized system of (1), which is
given by

%y (t) = = (ax + B) x, — axx, —yx, (t—11), .
%, () = —yxy,
in € := €([-7,0],R"), and its adjoint form
%, (£) = (ax + B) x; (£) + axx, (t) + yx; (F+ 1), W

Xy (?) =X (?)’

in @ = €([-7,0], R") with respect to the associated bilinear
relation

(v;(9), ¢ (0)) = (v, (0), % (0))

0
[ w@rne©a ©

jk=1,2,...,

has eigenvalues A satisfying the transcendental characteristic
equation

A(AN) = /\2+/\[(om+ﬁ)+ye_’hl] —ypax=0. (6)

By the Hopf bifurcation, we let A,, = =*iw(y), with,
w(y) #0 and Re{dA(A, y)/dy} #0, be the eigenvalue of (6).
All the remaining eigenvalues of A(A,y) = 0 have negative
real parts. Then, by substituting A, = iw(y) into A(A,y) =
0 and setting the real and imaginary parts of the resulting
algebraic equations to zero, we have

—w” - yak + wy sinwt, + w [(ak + f) + wy cos wr, ] i = 0.

(7)

Separating the real and imaginary parts of (7) gives the
following equations:

—w’ - yak + wy sinwt; = 0,
(8)

w[(ax + B) + wy coswt ] = 0,
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or equivalently

. W + pak
sinwr; = —— >0,
yw
)
aK + f
cos Wt = > 0.
yw

Possible values of wt, are of the form wt, € (2km, 2km +7/2),
k =0,1,2,.... Thus, we obtain the bifurcation parameter y as

Y= < - 2aKw’

—\/4oc2K2w4 —4(a?k? — w?) (B +2afx + a?x>+ w4))
X (2 ((x2K2 - a)z))_l (ak < w).
(10)

Now, we compute Hopf’s transversality condition by
differentiating implicitly (6) with respect to y, obtaining

{@} Cfday)\(da )\
dy ) rie dy d\ e
_ e ™M — ax
- 20+ (ax + ) +ye 1 —yrietn |
=G(y)+M(y)i,
ac +bd ad — bc
(R = MO=a

a = wsinwt, — ak, b = wcoswt,

€ = QK + y COS WT; — YT, Sin wty,

d = 2w - ysin wr, - y1,0 COS WT;.

(1)

Lemma 1. The transversality conditions Re(dA/dy),_,; =
—ac — bd+0 hold. If the choice of values for the model
parameters is such that the inequality

(wsin wt; — ak) (ax + y cos wt; — YT W sin Wt )
(12)
+wcoswt, (2w — ysinwr, — yTw cos wT;) < 0

holds.

This means that the pair of eigenvalues A, , = v(y) +iw(y)
of A(A,y) = 0 with v(y,) = 0, w(y,)#0 will cross the
imaginary axis from left to right in the complex plane with
anonzero speed as the bifurcation parameter y varies near its
critical value y,. Also, it ensures that the steady-state stability
of the system islostat y = y,, and the instability in the sense of
supercritical and subcritical bifurcations will persist for larger
values of y. The exact nature of such bifurcations satisfying
Hopf’s conditions ((6)-(12)) will depend on the nonlinearity
in the delay system.
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Rewriting (10) as a quadratic in w” and letting w® = @, we
have

@ +ow+a, =0, o =2ayk —yz,
) (13)
a, = &’y + (ax + ),
whose real and positive solutions are of the form
_ 1
@ =3 (—ocl +1\a? —4cx2>,
. (14)
@, = 3 (—ocl —\a? - 4a2>,
if the following holds
o, <0 2ak <y,
o —4a, > 0| y* = 2aicy’ — 4(ax + B)° > 0,
(15)

o, <0 2ak <y,
ol —da, = 0| y* = 2axy® + 4(ax + B)°.

In addition, one has to show that the substitution of @, and @,
into (10) will ensure Hopf’s transversality conditions, that is,
Re(dA/dy),_,,. Therefore, with @, = w” and Re(dA/dy)_;,»

we obtain
\Y? - 2ayx

2w2+oc =0 w=——-——,
! | 2 (16)

ol —4a, = 0 | y* = 2axy’ + 4(ax + ).

By setting w,,;, = w and y,,;, = y, we have

\ yrznin - 2ocyminK:

wmin = 2 > (17)

4 3 2
Ymin = 2OCK)}min + 4(OCK * ﬁ) :
These are the minimum values separating the regimes of

stable and unstable solutions of the linearized delay equation
at the Hopf bifurcation point y = y, A = twi(y,,) =
+1Y2., — 20¥mink/2. Below and equal to these minimum
values, all the infinite numbers of eigenvalues of the transcen-
dental characteristic equation (6) will lie in the left-hand side
of the complex plane.

Next, deriving an expression for 7, begins by further
rewiring (8) as follows:

2
w” + yak
tan wt, = . (18)
ak +
thus, we obtain
1 W+ yox
Ty = — (arctan (—) + 2k71)
w ak + f 19)
k=0,1,2,...,n,...,

and by wusing the minimum value for w, =

min

M/ 2, we get

1 R
(arctan (M) + 2k7't)
wmin oK+ ﬁ (20)

k=0,1,2,...,m,....

Tl,k,min =

With these minimum values for the gain w,,, time

delay T4 i and the response frequency w

min

\VYiin = 20Ymink/2, one can describe all the critical settings
of the model parameters in the delay equation (1) at which
the unstable-free oscillation persists. Should unstable
oscillations appear at some desired frequency such that

Omin = \Viin = 20Vmink/2, fine-tuning the model parame-

ters in the vicinity of their critical settings can control
such oscillations. To find out whether the bifurcations are
supercritical and/or subcritical, we carry out a local center
manifold analysis of the nonlinear delay equation (1) as
presented in the preceding section.

2.1. The Single Hopf Bifurcation. To obtain the explicit ana-
Iytical expressions for the stability condition of the Hopf
bifurcation solutions (limit cycles), system (1) should be
reduced to its center manifold [19-21]. While studying the
critical infinite dimensional problem on a two-dimensional
center manifold, we begin by defining the elements of the
initial continuous function ¢(0) € % and its projections
(/)P(G), (/SQ(B) onto the center and stable subspaces P,Q ¢
€. For the eigenvalues A = +iw, we have (/)P(G) = ®O)b
with ¢/ (0) = M —1 < 0 < 0 of the adjoint-generalized
eigenspace P € % and y(s) = Wb, t//f(s)e_’\ﬁ, 0<s <,

j,k = 1,2 of the adjoint-generalized eigenspace P € €. The
values of the basis ®(0) € & for P are thus given by

coswf —sinwb | [b
w sin wf wcosw@] [b]’ (21)

CD(G):[

and, similarly, the basis ¥(s) € @ for D is of the form

coswl wsin wbh
() = [V/l’%] = [—sinw@ wcosw@] ?

These bases form the inner product matrix

(¥ (s), @ (9)) = [a Eg] (61 ¢.]
(23)
_ [(‘/’1 (5)$1 () (w1 (s)9,(0))
(12 (961 ©0) (v2()¢,0)]”



in which

(v, ()¢, (0)) = (cos ws cos wh + w” sin ws sin w@) ,

(y; ()¢, (0)) = — (cos ws sin wf — w” sin ws cos w@) ,
(24)
(v, () ¢y (0)) = — (sin ws cos wh — w” cos ws sin w@) ,

(v, (s) ¢, (0)) = (sin ws sin wh + w” cos ws cos w@) .

The substitution of the elements of (¥, ®),,, #0

_[wid) (v1.4)
(¥, 0),,, = [(w;&) (wl,sbﬁ)]’ =

where

1

(v, ) =1- %y {(5 —w) sinwt, + 74 (1 + wz)cosw‘rl},

(v ¢:) =y (1+0°)sinor,
(v (s) ¢y (0)) =~y (1 + wz) sin wty,

(1296 ©) = * +y (= - @) siner,

-T; (1 + wz) coswrl} .
(26)

Then, the basis ¥(s) for P € € of the adjoint equation
(2) is normalized to ¥ = [,,%,]" € &, computing ¥ =

(¥, ®),,¢, ¥(s) to yield
PO= 50 A o=sen
T, (5) = G (o) {(¥2 ) cosws + (y1,8,) sinws},
Ty (5) = W {(¥282) sin s = (y1,¢,) cos s},
T, (5) = W {(¥291) cosws + (y1,¢,) cos ws},
T (5) = W {(¥2 1) sinws = (y1,¢1) cos s},
det (% ®)y) = {(¥1:61) (W2 82) = (¥1.2) (v 61)}

(27)

where the substitution of the new elements (wj(s),qSk(@)),
j»k = 1,2 into (3) will lead to the identity matrix

1 det (%, @), ) 0
det (%, @), ) 0 det (% @),,),)

-1

(\P) q))id =

(28)
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Consequently, the constant matrices B € € and B € &
are equivalent, and the elements of B at the Hopf bifurcation
are B=[[0,w]", [-w,0]"].

With the algebraic simplifications

Bo _ [coswB® —sinwd
- [sin wb  coswd ] ’ (29)
one can easily see that
B e _ | coswd —sinwd
©(0) = (0)e” = [wsinw@ wcosw@] » ~R<0<0,
(30)

and it follows that J(t, @)®(0) = ®(0)e®®™ is indeed the
solution operator of the linearized delay equations in 6.
Similarly, we have ¥(s) = Y(0)e®, 0 < s < R, and
JERY¥(s) = @(0)eP! is the solution operator for the
adjoint delay equations in .

By the change of variable x! () = ®(0)z(t) + x2(6) with
z(t) € M2, z(t) = (F(s), ¢"(0)), we obtain the following as a
first-order approximation in ¢, for 0 = -7, —7,:

)] z; (£) cos wt + z, (t) sin wt,
)] - [—zl (t) wsin wt, + z, (t) wcoswrl] ’
(31)
)] z, (t) cos wt + z, (t) sin wt,
)] - [—zl (t) wsin wt, + z, () wcosw‘rz] ’

and for 0 = 0,

[2 Eg] - Lféf%] (32)

Therefore, we obtain (1) of the center manifold as follows:

£ (1) = —wz, + Af (21, 2,7)
(33)

z, (t) = wz; + Af(z) (21,25 7)»

where the perturbation functions Af(l)(zl,zz,y) and
Af (2)(21, z,,7) denote the following:

(1) _ = 3 2
AfY (21525, 7) = V(021 + GooZza) + 2] + 612712,
2 3 2 2
+C132125 + €14, + Ci52] + C16Z125 + €172
(2) _ = 3 2
Af7 (21525, 7) = V(021 + G0022) + 12 + 62212,

2 3 2 2
+ 3212, T Guz; + G52y + 06212, + 6725,
(34)
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Here, the lengthy expressions of ¢; are omitted here, and
which in polar coordinate, z;, = asin6, z, = —acos0, 0 =
wt + @ is equivalent to

at)=v(y)a+1Y (r,1,,7)a +O (as,‘rl,‘rz,y) ,
(35)
o) =+ (1,15,7)a* + O (a4,11,12,y) :

The so-called Poincaré-Lyapunov coeficient 1"V (z,, 7,, y) is
independently determined by the following formula:

e (a7, 72,7)

1
= R {Afz(llilzl (zl’ZZ’ V) + Afz(llgzzz (ZI’ZZ’ Y)

+Afz(12;122 (z1,229) + Afz(fizzz (ZI’ZZ’Y)}

1
Tow {Afz(lliz (21,22,7)

36
x (Afz(llilz1 (2122, 9) + Afz(zliz (Zl’zby)) (36)

- Afz(f§2 (21,22, 7)

x (Afz(lz.;1 (z1,229) + Afz(lz.;2 (ZI’ZZ’Y))
- Afz(llg1 (21,22, 7) Afz(il1 (z1,22,7)
FAfL) (21.20,7) A, (20 22)}

As is well known [19-24], the amplitude equation (35)
together with (36) can determine the stability behaviour of
the center manifold ODEs (33), where all the partial deriva-
tives of Af"(z,, 25, 7), Af?(2,, 25, y), for example, Af? =

z12,
{0(0A fz(lziz /azl)/azz}(o,o%), are evaluated at the bifurcation
point (z,,z,) — (0,0). Thus, the partial derivatives are given
as follows:

OAfY (z,, 2,
w = of +3enz) +2 (05 + za) 2
0
+ (616 + Cl3z2) 2y
(6Y)] 7
AfY (21,25 7) -
+ = cob + c13zf + (616 + 20132,) 2
2
+ (207 +3642,) 25,
aAf(z) (Zp 2y Y) 5 2
T oz, @Y +30121 +2 (05 + 02) 7
21
+ (06 + 322) 2
@) ”
AP (z1,2,,7) 5
a—zl2 = GooT + 637 + (06 + 2637, 2
2

+ (267 + 30)42,) 235

from which we readily obtain the required values for the
formula in (36) as

o0 (21 227) o0 s (5, 5)
0z,0z,0z, 11’ 0z,02,07, B
oA’ fV (21,2, 7)
TLZ =2 (2 + 32,) + e
102
oA"Y (z1,21,7)
lel =2(3¢,2; + 632 + i) »
192
IAfY (25,2, 7)
az—azzz =2 (32, + 3042, + 7))
202,
o0 eeny) g P (enmn)
0z,0z,0z, ® 0z,02,0z, ”
A’ 9 (z,,2,,7)
T;z = 2(cp2) +632,) + G
102
OAf? (z,,2,,y)
az—alzl =2(36,2) + 632 + Os) 5
192
OAf? (21,2,,7)
lez =2(032) + 3042, +¢y7) .
202,
(39)

Substituting these quantities into the formulate in (36) will
yield

1% (a,7,,7,,7)

1
= 3 3 + ) + o3+ 03}
1
+ E—
8w

(40)
{c16 (615 + €17) = 66 (65 + &37)

—Ci5G5 + €707} -

This coefficient together with the amplitude bifurcation equa-
tion (35) produces the nonlinear bifurcations for multiple

delays as shown in the following: (a) IV(a,7,,7,,y) <
0 — supercritical bifurcation; (b) Vg, T,T,Y) > 0 —
subcritical bifurcation.

Theorem 2. Let ac + bd > 0.

(@) If T1'(a,7,,7,,y) < O, then system (1) occurs super-
critical bifurcation.

(b) IfH(l)(a, T1, Ty, p) > 0, then system (1) occurs subcriti-
cal bifurcation.

2.2. The Double Hopf Bifurcation. For the eigenvalue A, =
tiw;, Ay, = *iw, of the equation A(A,y) = 0 in (6), we
have the base function ®(0) = [¢,(0), $,(0), P5(0), ,(0)],



—7 <0 <0,905) = [1,(5),v,(5), y3(5), yu(s)], 0 < s < T
in €([-7,0], R") and G([-7, 0], R"), accordingly,

o(@):[

cosw,0 —sinwh; cosw,f —sinw,0
sinw; 0 cosw;0 sinw,0 cosw,0 ] ’

(41)

¥ () = | OS@1S — sinws cosw,s —sSinw,s

(s) = [sin WS COSw;S Sinw,s CoOSw,s ]

and they form the inner product matrix (¥(s), ®(0)) =
(¥;(9)(0)), j,k = 1,2,3,4, namely,

(¥ (s),D(0) =
(¥1 (991 (0) (w1 (5)h, () (w, ()5 (0)) (w (s) ¢y (6))
(W2 ()91 0) (w2 (9)9,(0)) (w2 (5) 5 (0)) (w () by (6))
(¥ ()1 0) (w3(5)$2(©) (w3 ()5 (0)) (w3 ()94 (0)) | *
(Vs ()91 0) (va ()6, (0)) (s ()¢5 (0)) (W () by (6))

(42)

The substitution of the elements (‘¥(s), ®(6)) = (y;(s)¢,(0))
into the bilinear pairing (5) and integrating, we obtain the
nonsingular matrix

Y Y 0 0

_|va v O 0
(\P’Q)mg_ 0 0 vy VY|’ (“43)

0 0 Vi Yy

where the constant values of this matrix are given by

Vi1 = Yy =1 —y1 cOsw, Ty,

Vi = —ynsine 7, Yy = =Yy,

(44)
V33 = Yaq = 1 = y7 COS W0, Ty,
V3q = —YTSINW, T, Yy3 =~y

Then, ¥ € @ is normalized to the new basis ¥ =
[V,(5), ¥3(s5), W5(5), Y (s)], 0 < s < 7, where the elements
vi(s), j=1,2,3,40f¥ ¢ @ are given by

#= g [V cosans v sinans),
(3, sinwys -y, cosw;s),0,0] '}
7= ﬁ {[ (¥} cosws -y sinwrs),
(1, sinwys + 7, coswys),0,0] '},
75 = T {10,0, (v3, coswys + yis sinwys),
(v sinws -y cosys)] '},
7y = m {0,0, (43, cos wps — 2, sinwss),

(1//§4 sin w,s + 1//§3 cos wls)]T} .
(45)
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Again, the substitution of the elements y/;(s), ¢(0), j, k =
1,2,3,4 of (T(s), D(O)) will yield the identity matrix, namely,

A0 OO
110 A 0O
(\Ila (D)nsg - X 00 A O] I, (46)
00 0A
2 2 2 2
A= (‘/’11 + V’lz) (‘/’33 + 1/’34) :
Then, the constant matrix B is given by
0 -w, 0 0
lw, 0 0 0
B=10 0 0 - (47)
0 0 w 0

The change of variable x! (¢(0),y) = ®(0)z(t) + xA($(6), y),
z(t) € R*, z(t) = (¥(0), ¢¥ () will yield

_ [cosw,0 —sinw,0 cosw,0 —sinw,0
© )z () = sinw; 0 cosw,0 sinw,0 cosw,0
z; () (48)
z, (t)
z3 (1) |’
24 (t)

thereby, for -7 < 0 < 0 and 7; < T < 7,, we have

otenys- G, an pen s
1T 1T LTl b T1

21 (1)

z, (f)

zy () |’

2y (1)

O (-1,) 2 (t)

_ | coswT, sinw T, cosw,T, sinw,T,
—sinw; 7, cosw;T, —Ssinw,T, COSwW,T,

8
zZ, (t
% zi ®\|
2y (t)
z, (t)
Q(0)z(t) = [(1) (1) (1) (1)] Zgg '
Zy (t)

(49)
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and so

yx; (t—1)) = y [z, cosw, T, + 2, sinw, T,
+25 COS W, T, + 24 sinw, T4 |,
yx, (t—1) %, (t - 7,) = y [2; cosw, 1) + 2, sinw;
+25 COS W, T + Z4 SiN W, T |
X [z cosw, T, + 2, sinw, T,
+25 COS W, T, + Z, SiN W, T, | .
(50)

The ODEs of the center manifold M, € E([-1,0], R?) are
given by as follows:

: 1
2 (t) = ~wi 2, + Ag (21,22, 23.247)

4 () = w2, + Ag (21,25, 23,24, )
(51)

. 3
23 () = ~w,2, + Ag” (21,22, 23,25, 9)

. 4
2, (t) = wyz, + AG* (21,2, 23, 245 ) s

where the perturbations in these equations denote

Agl (212223, 24> Y)

1) 3 (1) 1) 2 (1) (1)
=015 T CIIZZIZZ (132173 + C114ZIZZ + Cuszlzz

(1) (1) 1 3 (1) (1) 3
+ C116zlz3 + C11721Z4 T 6%y T C33323 ROVVEN

1 2 (1) (1) 1 2
+dy) 2, +dipzi2, + d113Z1Z3 +d142124 + dy2)

N 2 1) 2
+ds3325 +dygzy +os

Agz (21,25, 23,245 Y)

_ (2.3 (2) ) 2 (2) )
=04 t anz1zz T 6132123 C114zlz2 + Cuszlzz

) ) 2) 3 (1) 3
+ C1162123 + C117zlz4 T 6n% + C33323 RECVVEN

(2) 2) 2) (2) 2) 2
d111 +d1,2,2, +d| 32125 + d) 42124 + d;yy) 2,

) 2 2) 2
+dyzy tdguztos

A!f (21,25, 23,245 Y)

3),3 (3) 3) (3) (1
=& t Cllzz Z + C113Z123 + 51142122 + Cuszlzz

(3) 3) (3),3 (3) 3
+ C116zlz3 + 61172124 T 6n% + 533323 RECVVEN

(3) (3) (3) (3) 3) 2
d111 +d 13212, +dy 32123 + d)142124 + dyyy25

G) 2. 40) 2
+dizy +dgaz +os

7
4
Ag® (2,223, 24, )
4) 3 (4) 2 4) 2 (4) (4) 2
=011R1 T Qfi% T 613723 + 51142 Z T 615212,
(4) (4) 4) 3 (4) 4) 3
+ Cllﬁzlz3 G172 Z4 TO»n% T 533323 RVYEN
(4) (4) (4) 4) 2
d111 +d))5212, + d113z z3 +d 1,212, + dyy)72)
4) 2 (4)
+dipzs +d 44z4 T
(52)

and the above coeflicients in these equations denote the
constant values in (52). Here, the lengthy expressions of

l and d~ i are omitted here. These equations are further
written into the desired standard form of amplitude and
phase relations using the polar coordinates z; = a;sin6,
z; = ajcos0;,0; = wit +¢;, j = 1,2,3,4. Again, the
application of the integral averaging method to the resulting
amplitude and phase equations will yield

da, (11) a1 3 (1)
g =B+ (ay)a; +,ana1a2+ )
de,

_ p(12) (12) 3 (12)
4i P a + 117 (a,y) a; + By “1“2 LA

(53)

da, _ ey @1) 3 01
I =B +11 (a,y)a2+ﬁ112a1a2+ T
de, (22) 22) 3 5(22)
di P a + 1177 (a,y) a; + By1s a1a2 LA

where the coefficients in these equations are the resulting con-
stant values after averaging. Similarly, the coefficients in these
averaged equations, in particular the cubic ones IV (a, y),

(g, y), will determine whether the double Hopf interac-
tions are of the form (i) subsupercritical bifurcation type, (ii)
supersubcritical bifurcation type, (iii) subsubcritical bifurca-
tion type, and (iv) supersupercritical bifurcation type. Like
the Poincaré-Lyapunov coefficient I1(a,y) in (36) for the
single Hopf, there are also explicit formulas for computing
the double Hopf coeflicients I (q, ), %) (q, y), which are
extremely too long to be displayed here. For the account of
these formulas for the double Hopf coefficients, again, the
publications [22, 23] are excellent references. Classical studies
of dynamical systems resulting to equations of the form (53)
have demonstrated unprecedented dynamics ranging from
global dynamic bifurcations to ultimately chaotic dynamics
(see [22, 24]). There exist reliable and robust mathematical
tools to examine the long-term behaviour of such dynamics.
Campbell et al. [24], in particular, have shown numerically
that equations of the form (53) exhibit four double Hopf’s
interactions, namely, two super-super-, one super-sub-, and
one sub-sub-critical bifurcations. Other interesting dynamics
such as large limit cycles, tori, and period doubling were also
characterized by the authors.

3. Stochastic System

In the section, we present some preliminary results to be used
in a subsequent section to establish the stochastic stability and



stochastic bifurcation. Before proving the main theorem, we
give some lemmas and definitions.

Definition 3 (see [1] (D-bifurcation)). Dynamical bifurcation
is concerned with a family of random dynamical systems
which is differential and has the invariant measure p,. If
there exists a constant o, satisfying in any neighborhood of
ap, there exists another constant « and the corresponding
invariant measure v, # 4, satisfying v, — py, asa — ap.
Then, the constant «, is a point of dynamical bifurcation.

Definition 4 (see [1] (P-bifurcation)). Phenomenological bi-
furcation is concerned with the change in the shape of
density (stationary probability density) of a family of random
dynamical systems as the change of the parameter. If there
exists a constant o, satisfying in any neighborhood of «p,
there exist other two constants &, «,, and their correspond-
ing stationary density functions p, , p,, satistying p, and
Pa, are not equivalent. Then, the constant &, is a point of
phenomenological bifurcation.

Definition 5 (see [1] (stochastic pitchfork bifurcation)). Inthe
viewpoint of phenomenological bifurcation, the stationary
solution of the Fokker-Planck-Kolmogorov (FPK) equation
which is corresponded with the stochastic differential equa-
tion changes from one peak into two peaks.

In the viewpoint of dynamical bifurcation, there exists a
constant g, that satisfies the following conditions:

(i) when u < py, the stochastic differential equation has
only one invariant measure v,,; moreover, v, is stable
(i.e., the maximal Lyapunov exponent is negative).

(ii) when y = p,, the invariant measure v, loses its stabil-
ity and becomes unstable (i.e., the maximal Lyapunov
exponent is positive); moreover, the rotation number
is zero.

(iil) when g > ), the stochastic differential equation has
three invariant measures v, v;, and v,; both v, and
v, are stable (i.e., their maximal Lyapunov exponents
are both negative).

(iv) the global attractors of the stochastic differential
equation change from a single-point set into a collec-
tion of one-dimensional (the closure of the unstable
manifold of the unstable invariant measure).

If the stochastic bifurcation of a stochastic differential
equation has the above characters, then the stochastic dif-
ferential equation admits stochastic pitchfork bifurcation at

U= Ho-

Definition 6 (see [1] (the stochastic Hopf bifurcation)). Inthe
viewpoint of phenomenological bifurcation, the stationary
solution of the FPK equation which is corresponded to the
stochastic differential equation changes from one peak into a
crater.

In the viewpoint of dynamical bifurcation, the following
can be noticed:

(i) if one of the invariant measures of the stochastic
differential equation loses its stability and becomes

Abstract and Applied Analysis

unstable (i.e., two Lyapunov exponents are positive),
then the rotation number is not zero. Meanwhile,
there at least appears one new stable invariant mea-
sure,

(ii) the global attractors of the stochastic differential
equation change from a single-point set into a random
topological disk (the closure of the unstable manifold
of the unstable invariant measure).

If the stochastic bifurcation of a stochastic differential
equation has the above characters, then the stochastic differ-
ential equation admits the stochastic Hopf bifurcation.

Definition 7 (see [1] (stochastically stable)). The trivial solu-
tion x(t, £, x,) of stochastic differential equation is said to be
stochastically stable or stable in probability if for every pair of
€ €(0,1) and « > 0, there exists § = d(¢, §,¢,) > 0 such that

P{|x (t,tgx0)| < VE > 15} > 1 -, (54)

whenever |x,| < 8. Otherwise, it is said to be stochastically
unstable.

In this section, taking some stochastic factors into
account, we introduce randomness into the model (1) by
replacing the parameters y by y — y + a&(t). This is only a
first step in introducing stochasticity into the model. Ideally,
we would also like to introduce stochastic environmental
variation into the other parameters such as the transmission
coeficient « and &, but this would make the analysis much
too difficult. Hence, we get the following system of stochastic
differential equations:

u()=ax(l-u-v)-Pu—yu(t-1)v(t-1,)
+ (0 + ou+o30) E(),
(55)
D(t)=6(1—x)(1—u—v)3—yuv
+ (04 +osu+0g0) E().

Here, &(¢) is the multiplicative random excitation and the
external random excitation directly, and &(¢) is independent,
in possession of zero mean value and standard variance
Gaussian white noises, that is, E[E(t)] = 0, E[E()E(t + T)] =
O(7). Note that the intensity of the noise 0; (i = 1,2,...,6),
y = y. + 7 is the bifurcation parameter. From (3)-(33), we
obtain (55) of the stochastic center manifold:

. 3 2
2y () = —wzy + 921 + €022 +€112) + 613212,
2 3 2
+ G321 ), a2, + 6521 + 66222
>+ (k k k
+ 0525 + (K 2y +kppzy + ki3) E(1),
(56)
. 3 2
2, (t) = wz; + 21 + G2y + 612] + 6212,
2 3 2
T 3212 T 02y + G527 + 6257
>+ (k k kys) E (t
+ 02y + (ky 2y + kypzy +ky3) E(2).

Here, the lengthy expressions of ¢;; and k;; are omitted.
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Setting the coordinate transformation z;, = rcos0, z, =
r sin 0 and by substituting the variable in (34), we obtain

i (t) = rc10c0526 +7(cp0 + &) sin O cos 6 + romosinze
+r [cllcos46 +(cp + ) cos°Osin @
+ (cp3 + Cpp) c05°05in’0 + (4 + ¢53) cos Bsin’O
+(Q4sin46] +1° [c15c0330
+ (g + 65) cOs°Osin O
+(cyy +¢y) cOs Bsin’0 +cz7sin39]
+r [kncosze + (ky, + ky; ) cosOsin 0
+hyysin®0] € (£) + [kys cos 0 + kyy sin 0] & (1),
O(t) = — @+ c;yc08°0 + (0 — €10 5iN O €08 O — €105in°0
+r [QICOS49 + (¢, — ¢5) cos’Osin @
+ (03 +12) cos’Osin*0
+ (4 + &) cos Osin’6 + c14sin40]
+r [b25 cos 0 + (s — ¢5) cos’Osin O
+ (¢ — €1) cOs Bsin’0 — cl7sin30]
+ [k21cos29 + (kyy, — ky;) cosOsin O — klzsinze] &)

+ % [ky; cosO — k5 sin O] & (2).
(57)

It is difficult to calculate the exact solution for system
(57) today. According to the Khasminskii limit theorem,
when the intensities of the white noises 0;(i = 1,...,6)
are small enough, the response process {r(t),0(t)} weakly
converged to the two-dimensional Markov diffusion process
[1-5]. Through the stochastic averaging method, we obtained
the ItG stochastic differential equation (55) as follows:

dr = [(yl + &>r+ %y &r3]dt
8 r 8
1/2
+ (pt3 + %r;) AW, + (rus)">dw,,
(58)
do = <y10 + %ﬂ) dt + (rug)dw,

where W,(t) and Wy are the independent and standard
Wiener processes. Set the parameter as follows:

1 1
H = 5 (c10 + €200) » Hyp = —@0 + 5 (20 + €100) »

ty = 5k, + 5k5, + 3k, + 3k, + 6ky,ky; — 2k ks,
1,5 2
Uz = 5 (k13 + k23)’
=3Kk% +3k%, + K2, + K2, + 2k ky, + 2k, Kk
Ha = SRy + Ky T Kyy + Ky + 2Ky + 2Ky K5

1
Us = 1 (ki1 +ky) (kyy = Kyp)s
He = kf1 + k§2 + 3kfz + 3k§1 = 2kyyky — 2ky ks,
Py =361 + 36 63+ 6,

pg =361 = 3c14 + 63 — ¢y
(59)

3.1. Stochastic D-Bifurcation. In the section, we will see
how the introduction of randomness changes the stochastic
behavior significantly from both the dynamical and phe-
nomenological points of view.

Theorem 8 (D-bifurcation). Let y; = 0, p; = 0. Then, system
(55) undergoes stochastic D-bifurcation.

Proof. When y; = 0, p; = 0, Then, system (58) becomes
1/2
dr = [(ptl + %) r] dt + <%r2> dw.,. (60)

When y, = 0, (60) is a deterministic system, and there is
no bifurcation phenomenon. Here, we discuss the situation
Yy 70, let

m(r)=<yl+%—&>r,

T o(r) = (%)Uzr. (61)

The continuous random dynamical system generated by (60)
is
t t
pt)x= x+J m (¢ (s)x)ds + J a (¢ (s)x)odw,, (62)
0 0
where odW, is the differential in the sense of Statonovich, and
it is the unique strong solution of (60) with the initial value
x. And m(0) = 0, 0(0) = 0, so 0 is a fixed point of ¢. Since
m(r) is bounded and for any r #0, it satisfies the ellipticity
condition o(r)#0. This ensures that there is at most one
stationary probability density. According to the Ité equation

of amplitude r(¢), we obtain its Fokker-Planck-Kolmogorov
equation corresponding to (60) as follows:

2ol 8l [

Let dp/0t = 0, then we obtain the solution of system (63)

pt)=c |0_1 (t)| exp <Jt 2m (u) du) . (64)

0 0% (u)
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The above equation (63) has two kinds of equilibrium
states: fixed point and nonstationary motion. The invariant
measure of the former is §,, and its probability density is &,.
The invariant measure of the latter is v, and its probability
density is (64). In the following, we calculate the Lyapunov
exponent of the two invariant measures.

Using the solution of linear Itd stochastic differential
equation, we obtain the solution of system (60):

a(0)a’ (0) ] d

r(t) = r(O)exp(J-o [m' (0) + 5

t
. I &' (0) dw,).
0
The Lyapunov exponent with regard to y of the dynamical
system ¢ is defined as:

(65)

1
Ao () = lim ~Inlr @), (66)

substituting (65) into (66), note that o(0) = 0, a'(0) = 0, we
obtain the Lyapunov exponent of the fixed point:

Atp (80)

= lim — (ln I (0)]| + m (O)J ds + o' (0) Jtdwr (s))
0

=m' (0)+0¢' (0) lim W, ©
t — +00 t

=m' (0)

_ b Ha

T T e

(67)

For the invariant measure which regard (65) as its density, we
obtain the Lyapunov exponent:

A, (V) = hm - m' (r) + o (r) o (r)]ds
®

J [m' (r) + —o(r)o (r)]p(r) dr
R 2

= —2J [m(r)] p(r)dr

o(r)

(68)

- 32\/_/43/2m(r)2 exp [;—6711 (r)]
4

3 32\/_P‘3/2< [42 _ [{‘_2)2

t @)]
16/]°

Leto = py +p,/8—p,/16. We can obtain that the invariant
measure of the fixed point is stable when o < 0, but the
invariant measure of the nonstationary motion is stable when
a > 0,s0a = ap = 01is a point of D-bifurcation.

16
X exp s (.“1
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Theorem 9. Let y; = 0, yu; = 0. Then, system (55) does not
undergo stochastic P-bifurcation.

Proof. By simplifying (64), we can obtain
Dot (r) = cr?Chrrtaridlis, (69)
where ¢ is a normalization constant; thus, we have

Pa(r) =o(r’)

where v = 2(8y, +u, —y)/ py. Obviously, when v < —1, that s,
Y+, /8—ps/16 < 0, pg(r)isad function. When -1 < v < 0,
that is, y; + p4,/8 — p,/16 > 0, ¥ = 0 is a maximum point of
D, (r) in the state space; thus, the system admits D-bifurcation
when v = -1, that is, y; + /8 — ps/16 = 0, is the critical
condition of D-bifurcation at the equilibrium point. When
v > 0, there is no point that makes p(r) has the maximum
value; thus, the system does not admits P-bifurcation. O

r—0, (70)

Remark 10. Unfortunately, these two definitions (D-bi-
furcation and P-bifurcation) do not necessarily yield the same
result.

Theorem 11 (stochastic pitchfork bifurcation). Let yax = 0,
s = 0, p;, < 0. Then, system (55) undergoes stochastic
pztchfork bifurcation.

Proof. When y; = 0, p; #0, then (58) can be rewritten as

dr=[<y1+&> b 3]dt+(”4 2) aw,.  (71)
8 8 8

Leto = p; + 1,/8, ¢ = (\/—,/8)r, 4y < 0, then the system
(71) becomes

dg=|(m+52 )~ ¢]dt+<%> godw, (72)
which is solved by
¢ — v (Lw)d

~(se((o)er (5) i)
<<1+2¢>jexp< ( )

(1~
() wwn))ar))

(73)
We now determine the domain D,(t,w), where
D,(t,w) = {p ¢ R : (t,w,¢) € D} (D = R x Q x X)

is (in general possibly empty) the set of initial values ¢ € R
for which the trajectories still exist at time t and the range
R, (t,w) of y, (t,w) : D,(t,w) — R, (t,w).

We have

R, t>0,

Da (t’ w) - { (_da (t, w) ’dzx (t’ w)) , <0, (74)
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where
d, (t, )
! u
:1><<<2 J exp<2(y1+—2>t
0 8
12 1/2\ !
+2(%> V\/S(w)>d5> )
>0,

R, (t,w) = D, (-t,9 () w)

[ (rytw), r,(tw), t>0,
- R, t<0,

(75)
where

Ty (tw) =dy (-1, 9 (t) w)

(ol 58
(o2

+ 2(%)1/2\/\/5 (w)) ds

)y

> 0.
(76)
We can now determine that
E, (@) = (| D, (t,0) 77)
teR
and obtain
(-d, (tw),d, (tw), a=p + % >0,
Eq (@) = {0}, cx:y1+%so,
(78)
where
0< di (t, w)

Ji exp <2 <‘u1 + &)t
0 8

o

< 0.
(79)

The ergodic invariant measures of system (71) are as follows.

1

(i) For & < 0, the only invariant measure is y;; = §,.

(ii) For « > 0, we have the three invariant forward
Markov measures, 4, = &, and v§ , = 8, (), Where

k, (w):= <2 J'_OOO exp (2 (yl + %)t

We have [Eki(w) = a. Solving the forward Fokker-Planck-
Kolmogorov equation

Uons (o 2) g+ g -9) ()
o

n
+ ('R, (9) =0,
yield
(i) p, =6, forall «,
(ii) for p, > 0,

N N, /-1 16¢° 650
q(x (¢) = * [/l ’ ’ (82)

4
0, ¢ <0,

and q' (¢) = g (=), where N, = T(v, /u,) (1o /8) /¥t
Naturally, the invariant measures v, = &, () are
those corresponding to the stationary measures g. Hence,
all invariant measures are Markov measures.
We determine all invariant measures (necessarily Dirac
measure) of local RDS y generated by the SDE

dp = |(m+52 )99’ |dr+ (%)UngodW, (83)

on the state space R, y; + /8 € R. We now calculate the
Lyapunov exponent for each of these measures.
The linearized RDS y, = DY(t,w,¢)y satisfies the

linearized SDE
dy, = [(ul + %) -3(Y (t>w,¢))2xt] dt + (%)mxt o dW.
(84)
Hence,
DY (t,w,¢) x = B,y (B)
0, P) X xexp<</h+ 8) +(8> t (w)
(85)

-3 Lt (Y (s, ¢))2ds> .

Thus, if v, = J (y) is a Y-invariant measure, its Lyapunov
exponent is

1
A(p) = lim ~log[DY (. ¢) x|
) . ! 2
= (/"1 + E) - 3tlingo . (Y (s,w,¢))"ds (86)

= (.”1 + %) - 3E4p,

providing the IC ¢; € L'(P) is satisfied.
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(i) For p; + u,/8 € R, the IC for v, = & is trivially

satisfied, and we obtain

.”2

3 (87)

AGVY) =y +
So, v} is stable for y; + y,/8 < 0 and unstable for
U + /8 > 0.
(ii) For py + pp/8 > 0,5, = G4 is F° ., measurable;
hence, the density p* of p* = Evj satisfies the Fokker-
Planck-Kolmogorov equation

!
== (((w+2) e+ 24-9) n9)
(88)
Ha (2 " ~
+ 2 (#°ra(9) =
which has the unique probability density solution
« @ty +4,/8) 1)1 ¢’8
P (¢p) = Np-tttelPt 2 exp =), ¢ >0. (89)
Hy

Since
B’ =E@) = [ @5 @dp<co  (o0)

the IC is satisfied. The calculation of the Lyapunov exponent
is accomplished by observing that

d* (Stw)z

exp (2 (s + p/8) £+ 2(uy/8)' W, ()

ZJ exp( /41+y2/8)s+2(y4/8)1/2‘/\75(w))ds

(o1

where

=] ({1 2)o4(2) o) o

Hence, by the ergodic theorem

w2 11
E(d*)’ = Etlingo; log¥ () =y, + %, (93)
finally
o H
Alvy) = (yl + E) <0. (94)
(iii) For (¢, + u,/8) > 0, v2w = Sda is F° o Measurable.
Since Z(d) = £(d%)
o ”2
E(-d®)’ = E(d%)’ =y + (95)
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thus

A5 = -2+ £2) <0 (96)

The two families of densities (q,),- clearly undergo a P-
bifurcation at the parameter value op = ,/8, which is the
same value as the transcritical case, since the SDE linearized
at ¢ = 0 is the same in the next section. In both cases, we have
a D-bifurcation of the trivial reference measure §, at ap, = 0
and a P-bifurcation of ap = (14, + t,/8)*/2. Then, system (55)
has stochastic pitchfork bifurcation. O

3.2. P-Bifurcation. Inthe following, we investigate the steady-
state probability density p,(r) of the linear Itd stochastic dif-
ferential equation. Calculating extreme values of the steady-
state probability density is one of the most popular efficient
methods in studying the bifurcation of a nonlinear dynamical
system. The steady-state probability density is an important
characteristic value of stochastic bifurcation.

Case I. When p; = 0, y; #0, then (38) can be rewritten as
dr = [([/ll Mz)r+P;7 3]dt+<!/;4 2) aw,.  (97)

According to the It6 equation of amplitude r(t), we obtain
its Fokker-Planck-Kolmogorov equation form (97) as follows:

o _ 0 ¢ _ﬂ_s] }
ot ar{[<“1+s>r 2(,t7r rpo
2

19}
35 P 0),

with the initial value condition y, = 0, p(r, t|r,, t,) — 6(r —
ry), t — ty, where p(r,t|ry, t,) is the transition probability
density of diffusion process r(¢). The invariant measure of
r(t) is the steady-state probability density p,,(r) which is the
solution of the degenerate system as follows:

(Y
(99)

Through calculation, we can obtain

exp (72!47/[44) R BT

T [ (p + p2/8) b7/ 11a] (=7 /1)

Py (r) =

(it /8 Juy
(100)

According to Namachivaya’s theory, the extreme value
of an steady-state probability density contains the most
important essence of the nonlinear stochastic system. In
other words, the steady-state probability density can uncover
the characteristic information of the steady state. When the
intension of the noise tends to zero, the extreme values of
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FIGURE I: P-Bifurcation of system (55) with g, = -0.2, 3 = 0, p, = 5.1183, u, = —20.4732; (a) P-bifurcation of p,(r) at a, < /2, U, = 5.6,
where & = y; +4,/8, 0> = —p,/pr; (b) P-bifurcation of p,(r) at o, = 0%/2, py = 9.5907, where & = (4, +4,/8), 0° = —p /3 (c) P-bifurcation

of p,(r) atar, > 0°/2, u, = 17.6, where a« = v, /8, 0* = —v, [v,.

P (1) approximate to show the behavior of the deterministic
system. If the process r(t) is ergodic, then py(r) can be
regarded as the time measurement for staying in the neigh-
borhood of r(t) according to the Oseledec ergodic theorem.

From the analysis above, if p,(r) has a maximum value
at r*, the sample trajectory will stay for a longer time in
the neighborhood of r*, that is, r* is stable in the meaning
of probability (with a bigger probability). If p,(r) has a
minimum value (zero), it is just the opposite.

We now calculate the most possible amplitude r* of
system (97), that is, p,(r) has a maximum value at 7*. So, we
have

dpst (7’) =0 dzpst (7‘)

o * o <0 (101

r=r*

and the solution r = 7 = /(v;v, + 4v;)/8v,. The probabilities

and the positions of the Hopf bifurcation occur with different
parameter.
Since

d’p (r)
dr?

=7

2Ol ) g <l (4 . &))
8 H3

. >_(H1+I42/8)I47/V4

y (\/(8 (1 + 12 /8) iy + 4ty

H7

X (1“ [ (11 + 1m,/8) !47]( Yz >(“‘“‘2/8)M7/m>1
Ha Hy

<0,

>—2(M1 +ho [8) 7 /4y

(102)

thus, what we need is ¥* = 7. The conclusion is to go
all the way with what has been obtained by the singular
boundary theory. The original nonlinear stochastic system
has a stochastic Hopf bifurcation at r = 7, where

8 (uy + pa/8) iy + 4ty
8y,

We now choose some values of the parameters in the
equations, draw the graphics of p,(r) (Figure 1). It is worth
putting forward that calculating the Hopf bifurcation with
the parameters in the original system is necessary. If we now
have values of the original parameters in system (55), then
a = 0.778205, 3 = 0.024530, x = 0.08, y = 5.640593, § =
0.200101,0, = 0.1,0, = 0.1,05 = 0.2, 0, = 0.3,05 = 0.1, 04 =

xf + xi = (103)
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0.5. After further calculations, we obtain y; = -0.2, 4, =
9.5907, 3 = 0, p, = 5.1183, u, = —20.4732, then

p(r) = 028209 (104)

What is more is that 7 =
maximum value.

0.28209, where p,(r) has the

4. Conclusion

In this work, we investigate both the deterministic and
stochastic bifurcations of the catalytic CO oxidation on Ir(111)
surfaces with multiple delays. By replacing y with y — y,,
it can be readily seen that the addition of the noise gives
rise to a shift in the critical bifurcation point y, at the
Hopf bifurcation. The results of our computational studies
using the Lyapunov exponents and the integral stochastic
averaging combined with the Hopf bifurcation produced
stability boundaries for structural systems that were much
sharper and well defined than those obtained in the earlier
stability studies of the same systems. The influence of noise
on the reaction-diffusion system model has been studied by
the authors [11-18], but explicit and derived conditions for
stochastic stability and bifurcation, as the ones displayed here,
were not transparent in their publications.
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